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A  Smo.5Sr0.5Co03_5  (SSQ-BaZro.iCeojYo^O^  (BZCY)  composite  cathode  with  multiscale  porous  struc¬ 
ture  was  successfully  fabricated  through  infiltration  for  proton-conducting  solid  oxide  fuel  cells  (SOFCs). 
The  multiscale  porous  SSC  catalyst  was  coated  on  the  BZCY  cathode  backbones.  Single  cells  with  such 
composite  cathode  demonstrated  peak  power  densities  of  0.289,  0.383,  and  0.491  Wcnrr2  at  600,  650, 
700  °C,  respectively.  Cell  polarization  resistances  were  found  to  be  as  low  as  0.388, 0.1 62,  and  0.064  Q  cm2 
at  600,  650  and  700  °C,  respectively.  Compared  with  the  infiltrated  multiscale  porous  cathode,  cells  with 
screen-printed  SSC-BZCY  composite  cathode  showed  much  higher  polarization  resistance  of  0.91 2  £2  cm2 
at  600  °C.  This  work  has  demonstrated  a  promising  approach  in  fabricating  high  performance  proton¬ 
conducting  SOFCs. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cell  (SOFC)  has  been  regarded  as  one  of  the  most 
promising  devices  to  efficiently  convert  the  chemical  energy  from 
the  fuel  to  electricity  with  low  to  zero  emissions  [1].  However, 
SOFCs  are  currently  not  economically  competitive  to  the  existing 
power  generation  methods  due  to  the  problems  associated  mainly 
with  high  temperature  operation  (>800  °C).  Lowering  the  SOFC 
operating  temperature  is  expected  to  greatly  reduce  the  cost  for 
materials  used  for  the  SOFC  components  and  significantly  improve 
the  SOFC  durability.  Compared  with  SOFCs  based  on  oxygen  ion 
conductors  such  as  yttria-stabilized  zirconia  (YSZ),  SOFCs  based 
on  proton  conductors  such  as  doped  BaCe03  have  attracted  much 
attention  due  to  their  lower  activation  energy  for  proton  transport 
and  higher  conductivity  at  low  and  intermediate  temperatures, 
resulting  in  feasible  SOFC  operation  in  the  temperature  range  of 
600-700 °C  [2-5].  However,  lowering  the  operation  temperature 
is  always  accompanied  by  the  increase  in  cell  resistance  domi¬ 
nated  by  the  ohmic  resistance  from  the  electrolyte  as  well  as  the 
cathode  interfacial  polarization  resistance  for  Ni-based  anode  sup¬ 
ported  cells  [6].  In  the  past  two  decades  many  effective  approaches 
have  been  established  to  fabricate  thin  film  electrolyte  to  reduce 
the  electrolyte  ohmic  resistance  [7-1 0].  Therefore,  exploiting  novel 
cathode  materials  or  unique  cathode  microstructures  to  reduce  the 
cathode  polarization  resistance  is  critical  in  the  development  of 
high  performance  proton  conducting  SOFCs  [11]. 
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To  date,  several  new  electrode  architectures  have  been  devel¬ 
oped  to  create  durable,  effective,  and  functional  electrode  for 
intermediate  temperature  SOFCs  [12-15].  Among  them,  multi¬ 
scale  porous  mixed  ionic  and  electronic  conducting  cathodes  are 
very  inspiring  due  to  the  capability  of  combined  gas  transport  and 
extended  length  of  triple-phase  boundary  (TPB)  regions  where  oxy¬ 
gen  reduction  reaction  taking  place  [16].  Since  oxygen  diffuses 
through  the  cathode  pores  to  TPBs  and  gas  transport  depends 
largely  on  the  architecture  of  the  cathode,  multiscale  porous 
cathode  can  offer  rapid  mass  transport  through  macropores  and 
provide  quick  gas  adsorption/desorption  and  more  active  sites  for 
oxygen  reduction  through  high  surface  areas  in  the  mesopores 
[17].  Consequently,  enhanced  cathode  performance  is  expected 
for  the  cathode  with  multiscale  porous  structure.  For  example, 
a  dual-scale  porous  Smo.sSro.sCoO^  (SSC)-Gd0.iCe0.9Oi.95  (GDC) 
cathode  fabricated  using  a  poly(methyl  methacrylate)  colloidal- 
crystal  templating  method  was  reported  by  Zhang  et  al.,  showing 
a  low  cathodic  interfacial  resistance  of  0.39 ^cm2  at  750°C  [17], 
offering  potentially  high  cell  performance  for  intermediate  tem¬ 
perature  SOFCs. 

A  modified  self-assembly  approach  has  recently  been  developed 
to  synthesize  multiscale  porous  metal  oxides  [18,19].  Macrop¬ 
ores  can  be  created  by  using  urea  as  a  leavening  agent  while 
mesopores  inside  the  shells  or  walls  of  the  macropores  are 
generated  by  the  self-assembly  process  [20-22].  For  instance, 
Lao.5Sr0.5Co0.5Feo.503_5  (LSCF)  cathode  material  synthesized  using 
this  approach  showed  a  honeycomb-like  microstructure  with  dis¬ 
ordered  hierarchical  pores,  exhibiting  high  specific  surface  area 
of  65m2g_1  and  large  pore  volume  of  0.11cm3g_1,  which  are 
expected  to  be  extremely  favorable  to  oxygen  reduction  process 
in  the  cathode  [18].  However,  it  turns  out  to  be  very  difficult  to 
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directly  apply  such  multiscale  porous  material  as  cathode  in  SOFCs. 
The  main  reason  is  that  the  multiscale  porous  material  does  not 
possess  adequate  thermal  and  mechanical  strength  to  maintain 
such  distinct  multiscale  porous  structure  during  the  typical  screen¬ 
printing  cathode  preparation  process,  which  involves  grinding  or 
ball-milling  cathode  powder  with  a  binder  to  make  a  cathode  ink, 
screen-printing  the  cathode  ink  to  an  electrolyte  surface,  and  then 
firing  the  cathode  in  a  temperature  range  of  900-1 200  °C  to  obtain 
good  contact  of  the  cathode  to  the  electrolyte  [23].  To  overcome 
the  damage  of  the  multiscale  porous  cathode  structure,  infiltration 
process  has  been  employed  in  this  work  to  in  situ  prepare  the  multi¬ 
scale  porous  cathode.  Infiltration  method  has  been  frequently  used 
to  fabricate  nanostructured  electrodes,  involving  adsorption  and 
subsequent  decomposition  of  metal  salts  at  relatively  low  temper¬ 
atures  [24,25].  Relatively  low  fabricating  temperature  used  in  the 
infiltration  process  is  in  favor  of  maintaining  the  catalytic  activ¬ 
ity  of  the  cathode  and  its  structural  integrity  [26].  For  example, 
Wu  et  al.  successfully  incorporated  SSC  into  a  pre-sintered  porous 
BaCe0.8Sm0.2O2.9  (BCS)  backbone  to  form  an  effective  SSC-BCS 
composite  cathode,  showing  a  low  cell  polarization  resistance  of 
0.076  C2  cm2  at  700  °C  [27].  Not  only  good  electrochemical  activity 
but  also  excellent  durability  was  manifested  by  infiltrated  cath¬ 
odes.  Composite  cathode  with  Sm0.2Ce0.8Oi.9  (SDC)  as  electrolyte 
backbone  and  Lao^Sro^CoO^  (LSC)  as  infiltrated  cathode  catalyst 
showed  an  interfacial  resistance  of  0.29  £2  cm2  without  significant 
performance  degradation  at  600  °C  for  100-day  operation  with 
thermal  cycling  treatments  [28]. 

In  this  study,  we  have  developed  a  multiscale  porous  composite 
cathode  of  SSC-BaZr0.iCeo.7Yo.203_5  (BZCY)  for  proton-conducting 
intermediate  temperature  SOFCs.  The  BZCY  backbone  of  the  com¬ 
posite  cathode  is  expected  to  provide  continuous  pathway  for 
proton  conduction  while  the  SSC  cathode  catalyst  coated  on  the 
BZCY  cathode  backbone  with  disordered  multiscale  porous  struc¬ 
ture  is  expected  to  exhibit  enhanced  gas  diffusion  and  enlarged 
electrochemical  reaction  sites  for  oxygen  reduction.  The  SSC  is  fab¬ 
ricated  in  situ  by  infiltrating  a  modified  self-assembly  precursor, 
followed  by  calcinating  at  900  °C  for  2  h  to  form  multiscale  porous 
structure. 

2.  Experimental 

2.1.  Power  fabrication 

Powders  of  BZCY  and  BaCe0.7ln0.3O3_5  (BCI)  were  synthe¬ 
sized  by  a  modified  citrate-nitrate  combustion  process  [29,30]. 
BZCY  was  used  as  proton-conducting  phase  in  the  electrodes  due 
to  its  high  proton  conductivity  [31],  and  BCI  was  used  as  the 
proton-conducting  electrolyte  film  due  to  its  high  chemical  sta¬ 
bility  and  good  sinterbility  [32,33].  NiO  was  prepared  using  a 
glycine-nitrate  combustion  process  [14].  SSC  powder  was  pro¬ 
duced  by  a  modified  self-assembly  method  as  described  previously 
[18].  Stoichiometric  amount  of  Sm(N03)3-6H20,  Sr(N03)2,  and 
Co(N03)2-6H20  was  added  into  Pluronic  PI 23  (EO20PO70EO20, 
Mav  =  5800)  alcohol-water  solution.  Urea  was  then  added  as  the 
leavening  agent  to  form  SSC  precursor.  Urea  decomposes  to  gases 
(NIT3  and  C02)  to  create  macropores  and  PI  23  was  used  as  sur¬ 
factant  to  generate  mesopores  through  the  self-assembly  process. 
The  SSC  precursor  was  then  calcined  at  900  °C  for  2h  to  remove 
organics  and  form  final  powder. 

2.2.  Cell  fabrication 

Anode  substrates  consisting  of  NiO,  BZCY  and  graphite  with 
a  weight  ratio  of  3:2:1  were  mixed  and  pressed  uniaxially  into 
pellets  with  a  diameter  of  15  mm,  followed  by  firing  at  800  °C 


for  2h  to  form  porous  anode  substrates.  BCI  electrolyte  mem¬ 
branes  were  deposited  on  the  as-prepared  anode  substrates  with 
a  suspension-coating  method  as  described  previously  [14].  BCI 
powder  was  ball-milled  with  an  organic  dispersant  and  absolute 
ethanol  for  48  h  to  form  a  stable  suspension.  The  suspension  was 
then  drop-coated  onto  the  anode  substrates  using  an  injector.  The 
green  electrolyte/anode  bi-layers  were  subsequently  co-sintered 
at  1400  °C  for  5h  to  form  half  cells  with  dense  BCI  electrolyte 
membranes  (~18[xm).  BZCY  slurry  was  prepared  by  ball-milling 
BZCY  powder,  graphite,  and  ethyl  cellulose-terpineol  for  24  h  and 
then  screen-printed  onto  the  BCI  electrolyte  surface  of  the  as- 
prepared  half  cells,  followed  by  sintering  at  1300  °C  for  5  h  to  form 
a  pseudo-single  cell  consisting  of  a  porous  NiO-BZCY  anode  sub¬ 
strate  (~0.4mm),  a  dense  BCI  electrolyte  membrane  and  a  porous 
BZCY  cathode  backbone  (~80  pan).  SSC  was  incorporated  into  the 
porous  BZCY  backbone  by  infiltration  method  [14,18].  The  SSC  pre¬ 
cursor,  which  was  the  same  solution  as  described  in  the  powder 
fabrication  section,  was  infiltrated  into  the  porous  BZCY  backbone, 
followed  by  firing  at  500  °C  for  10  min  with  a  ramping  and  cooling 
rate  of  1  °Cmin-1.  Infiltration  was  repeated  until  the  SSC  loading 
was  about  75%  of  the  weight  of  the  BZCY  backbone.  The  infiltrated 
product  was  finally  fired  at  900  °C  for  2  h  to  form  an  infiltrated  cell. 
For  comparison,  SSC-BZCY  cathode  ink  with  the  same  mass  ratio 
used  in  the  infiltrated  cathode  was  fabricated  by  mechanically  mix¬ 
ing  ethyl  cellulose-terpineol,  SSC  and  BZCY  powders.  The  ink  was 
then  applied  on  the  as-prepared  half  cells,  followed  by  firing  at 
900  °C  for  2  h  to  form  a  screen-printed  cell. 

2.3.  Cell  characterization 

Single  cells  were  sealed  on  an  alumina  tube  using  silver 
paste.  The  cells  were  tested  with  humidified  hydrogen  (3%  FI2O, 
40mLmin_1)  as  the  fuel  and  ambient  air  as  the  oxidant.  All  cells 
were  stabilized  at  600  °C  and  NiO  was  fully  reduced  to  Ni  in  situ 
before  any  electrochemical  tests  were  performed.  Cell  power  out¬ 
put  performance  and  AC  impedance  spectra  were  measured  using 
a  Versa  3  electrochemical  station  with  an  applied  1 0  mV  sinusoidal 
voltage  in  the  frequency  range  of  1  MHz  to  0.01  Hz.  Phase  forma¬ 
tion  and  morphologies  of  samples  were  determined  using  a  Mini 
X-ray  powder  diffractometer  and  a  scanning  electron  microscope 
(FEI-200),  respectively. 

3.  Results  and  discussion 

3.1.  Phase  formation 

Shown  in  Fig.  1  are  the  X-ray  diffraction  patterns  of  BZCY  pow¬ 
der,  SSC  powder  and  infiltrated  SSC-BZCY  composite  cathode.  It 
can  be  clearly  seen  that  only  peaks  related  to  perovskite  phase  are 
observed  for  the  BZCY  and  SSC  powders  after  calcination.  No  impu¬ 
rity  peaks  are  found  for  the  infiltrated  SSC-BZCY  composite  cathode 
fired  at  900  °C  for  2  h,  consistent  with  Yang’s  study  [34]. 

3.2.  Microstructures  of  the  composite  cathodes 

The  cross-sectional  views  of  the  infiltrated  and  screen-printed 
SSC-BZCY  cathodes  are  shown  in  Fig.  2.  Dendritic  structure  with 
high  porosity  are  found  for  the  BZCY  cathode  backbone  as  shown 
in  Fig.  2(a),  indicating  uninterrupted  paths  for  proton  conduction 
and  facile  gas  transport  features  favorable  for  the  oxygen  reduc¬ 
tion  process.  After  firing  the  infiltrated  precursor,  the  dendritic 
BZCY  cathode  backbones  were  subsequently  coated  by  SSC  cat¬ 
alysts,  showing  a  specific  surface  area  of  1.079  m2g-1.  The  SSC 
has  three-dimensionally  open  pores  with  dimensions  of  hundreds 
to  thousands  of  nanometers  randomly  distributed  on  the  BZCY 
backbone  as  shown  in  Fig.  2(b).  Fig.  2(c)  shows  a  screen-printed 
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Fig.  1.  X-ray  diffraction  patterns  of  BZCY  powder,  SSC  powder  and  infiltrated 
SSC-BZCY  composite  cathode. 


SSC-BZCY  composite  cathode  fabricated  from  the  slurry  consist¬ 
ing  of  the  SSC  and  BZCY  powders.  The  SSC  powder  has  similar 
multiscale  microstructure  as  demonstrated  in  our  previous  work 
[18,19].  As  shown  in  Fig.  2(c),  the  cathode  reveals  a  randomly  dis¬ 
tributed  mixture  of  SSC  and  BZCY  with  no  visible  the  multiscale 
porous  SSC  structure,  probably  destroyed  during  the  mechanically 
mixing  process.  Fig.  2(d)  shows  a  cross-section  photograph  of  the 


freshly  infiltrated  cathode  at  high  magnification.  Macropores  pro¬ 
duced  by  a  leavening  process  of  urea  can  be  observed  in  Fig.  2(d), 
and  the  distribution  of  these  pores  is  more  disordered  probably 
due  to  the  inhomogenous  and  complicated  environment  compared 
with  the  SSC  powder  fabricated  from  precursor  solutions  in  beakers 
[18].  Small-sized  pores  and  nanoparticles  with  a  size  range  from  50 
to  lOOnm  generated  by  the  self-assembly  process  are  also  found 
inside  the  shells  or  walls  of  the  macropores.  Such  multiscale  porous 
microstructure  and  nano-sized  particles  are  expected  to  signifi¬ 
cantly  enhance  cathode  performance  due  to  improved  gas  diffusion 
and  extended  length  of  TPB  sites. 

3.3.  Single  cell  performance 

The  performance  of  anode-supported  proton-conducting  cell 
was  investigated  using  humidified  H2  (3%  H20)  as  fuel  with  a 
flow  fuel  rate  of  40mLmin_1  and  ambient  air  as  oxidant.  Shown 
in  Fig.  3(a)  are  the  current-voltage  curves  and  the  corresponding 
power  densities  for  cells  based  on  infiltrated  and  screen-printed 
cathodes  at  different  operating  temperatures.  The  open-circuit 
voltages  (OCVs)  for  the  cell  based  on  infiltrated  cathode  were  1.07, 
1.048,  and  1.022  V  at  600,  650,  and  700  °C,  respectively.  These 
OCV  values  were  higher  than  those  for  cell  based  on  similar  BCI 
electrolyte  film  reported  by  Bi  et  al.  [32],  which  were  1.015  and 
0.977  V  at  600  and  700  °C,  respectively,  indicating  that  the  BCI 
electrolyte  film  in  this  work  was  sufficiently  dense  and  exhibited 
negligible  electronic  conduction.  Peak  power  densities  of  0.289, 


Fig.  2.  Cross-sectional  views  for  cathodes:  (a)  BZCY  electrolyte  backbone;  (b)  infiltrated  SSC-BZCY  cathode;  (c)  screen-printed  SSC-BZCY  cathode;  and  (d)  fresh  infiltrated 
SSC-BZCY  cathode  at  high  magnification. 
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Fig.  4.  Polarization  resistances  determined  from  impedance  spectra  for 
cells:  Ni-BZCY  |  BZCY  |  SSC-BZCY  [34],  Ni-BZCY|BZCY|SSC-SDC  [35]  and 

Ni-BZCY|BCI | infiltrated  SSC-BZCY  (this  work). 


backbone.  The  effect  of  firing  temperature  of  the  infiltrated  precur¬ 
sor  on  the  cathode  performance  will  be  systematically  evaluated 
in  the  future  study.  At  700  °C,  the  Rp  was  comparable  to  that  of 
the  SSC-SDC  composite  cathode  with  a  cell  polarization  resistance 
of  0.066  £2  cm2  [35].  The  apparent  activation  energy  of  the  infil¬ 
trated  SSC-BZCY  was  determined  to  be  1.32  eV,  which  was  lower 
than  that  of  1.48  eV  for  SSC-SDC  cathode,  resulting  in  lower  cell 
polarization  resistance.  Total  cell  resistances  were  1 .064, 0.734,  and 


Fig.  3.  (a)  Cell  voltage  (solid  symbols)  and  power  density  (open  symbols)  as  a 
function  of  current  density  for  single  cells;  and  (b)  impedance  spectra  of  the  cells 
measured  under  open-circuit  conditions. 


0.383  and  0.491  W cm-2  were  achieved  at  600,  650  and  700  °C, 
respectively,  showing  a  comparable  cell  performance  for  similar 
infiltrated  cathode  reported  previously  [27].  Shown  in  Fig.  3(b) 
are  AC  impedance  spectra  of  the  cell  under  open-circuit  condi¬ 
tions.  Total  cell  resistance  {Rt),  cell  ohmic  resistance  (. R0),  and  cell 
polarization  resistance  (ftp)  were  determined  from  the  impedance 
spectra  at  different  temperatures.  As  shown  in  Fig.  3(b),  the  cell 
polarization  resistances  were  0.388, 0.1 62,  and  0.064  £2  cm2  at  600, 
650  and  700  °C,  respectively,  which  were  very  low  for  proton¬ 
conducting  cells.  Cell  polarization  resistances  for  different  cells 
with  the  anode  material  and  similar  cathode  firing  temperature 
were  plotted  in  Fig.  4  [34,35].  At  600  °C,  the  Rp  of  infiltrated  cath¬ 
ode  was  much  lower  than  1.5  £2  cm2  of  a  cell  based  on  SSC-BZCY 
cathode  fired  at  900  °C,  while  it  was  still  higher  than  0.168  £2  cm2 
for  the  cell  with  a  cathode  firing  at  1000°C  [34].  The  reason  for 
such  differences  in  the  measured  cell  polarization  resistances  was 
probably  due  to  the  interparticle  connectivity.  The  adhesion  of  the 
cathode  to  the  electrolyte  was  found  to  be  improved  by  increasing 
the  firing  temperature  from  900  to  1 000  °C.  Though  the  presence  of 
some  second  phases  such  as  BaCo03  and  Sm2Zr207  was  observed 
between  BZCY  and  SSC  fired  at  1000  °C,  the  cell  performance  could 
still  be  enhanced  due  to  the  reduced  contact  resistance.  Conse¬ 
quently,  higher  cell  performance  might  be  achievable  by  increasing 
the  firing  temperature  of  infiltrated  SSC  precursor  to  improve  the 
connectivity  between  SSC  and  BZCY  backbone.  As  shown  in  Section 
2,  since  the  cathode  catalyst  was  coated  on  the  backbone  through 
thermal  decomposition  process,  it  was  fairly  easy  to  adjust  the  fir¬ 
ing  temperature  to  improve  the  connectivity  between  SSC  and  BZCY 
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Fig.  5.  (a)  Short-term  durability  of  cell  based  on  infiltrated  SSC-BZCY  cathode;  and 
(b)  impedance  spectra  of  the  cell  before  and  after  the  short-term  test. 
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Fig.  6.  Cross-sectional  view  for  short-term  durability  tested  infiltrated  SSC-BZCY 
cathode  at  high  magnification. 


0.574  £2  cm2  at  600, 650  and  700  °C,  respectively.  The  ratio  of  Rp  to 
Rt  decreased  with  the  increase  in  the  operating  temperatures,  from 
36.5%  at  600  °C  to  11.1%  at  700  °C,  implying  that  the  cell  perfor¬ 
mance  was  limited  not  by  the  polarization  resistance  but  by  the 
ohmic  resistance.  Consequently,  enhanced  cell  performance  may 
be  expected  by  using  thinner  electrolyte  film  or  more  conducting 
electrolyte  material  with  good  chemical  stability  such  as  BZCY  or 
BaZr0  i  Ce0i7 Y0  i Yb0.i  03_s  [31,36]. 

Compared  with  the  infiltrated  SSC-BZCY  cathode,  screen- 
printed  cathode  had  lower  cell  performance  as  shown  in  Fig.  3(a) 
and  (b).  At  600  °C,  the  cell  with  screen-printed  SSC-BZCY  cathode 
showed  a  maximum  power  output  of  0.1 63  W  cm-2  and  a  relatively 
high  Rp  value  of  0.912  £2  cm2,  which  was  more  than  2  times  larger 
than  that  of  the  cell  based  on  infiltrated  SSC-BZCY  cathode.  Since 
the  electrolyte  and  the  anode  were  the  same  materials  with  similar 
thickness  and  microstructure,  lower  cell  Rp  observed  in  cells  with 
the  infiltrated  cathode  might  be  attributed  to  the  higher  cathode 
performance  due  to  the  unique  multiscale  porous  microstructure 
providing  enhanced  mass  transport  and  electrochemical  reactions. 

The  short-term  durability  of  the  cell  based  on  the  infiltrated 
SSC-BZCY  cathode  was  also  investigated  and  shown  in  Fig.  5(a) 
where  the  power  density  was  monitored  as  a  function  of  time  with 
a  constant  current  density  of  0.2  A  cm-2  at  600  °C.  The  cell  power 
output  was  fairly  stable  during  the  short-term  durability  test.  No 
obvious  increase  in  cell  polarization  resistance  was  observed  as 
shown  in  Fig.  5(b).  Further,  there  was  no  significant  change  in 
the  multiscale  porous  microstructure  of  the  infiltrated  cathode 
between  the  tested  cell  (Fig.  6)  and  the  fresh  one  (Fig.  2(d)). 

4.  Conclusions 

Multiscale  porous  SSC-BZCY  composite  cathode  for  proton¬ 
conducting  intermediate  temperature  SOFCs  was  successfully 


fabricated  by  the  infiltration  approach.  The  composite  cathode  was 
consisted  of  BZCY  backbones  and  SSC  catalysts  with  multiscale 
pores.  Single  cell  based  on  infiltrated  SSC  cathode  with  multi¬ 
scale  porous  microstructure  demonstrated  peak  power  densities  of 
0.289, 0.383,  and  0.491  W  cm-2  at  600, 650  and  700  °C,  respectively, 
which  were  higher  than  those  of  cells  based  on  screen-printed 
SSC-BZCY  composite  cathode.  The  multiscale  porous  SSC-BZCY 
composite  cathode  showed  remarkably  low  interfacial  polarization 
resistances  of  0.388, 0.1 62,  and  0.064  £2  cm2  at  600, 650  and  700  °C, 
respectively.  No  increase  in  cell  polarization  resistance  was  found 
for  single  cell  based  on  infiltrated  SSC  cathode  with  multiscale 
porous  microstructure  during  a  short-term  durability  test. 
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